Flashover is a phenomenon describing a room fire changed from the growth stage to the development stage. There is a rapid increase in size and intensity. The radiant heat flux back to the fuel surface and the floor of the room is known to be one of the key parameters leading to flashover. Indeed, a heat flux (largely due to radiation) of 20 kW/m 2 to the room floor is often taken to be the condition of flashover. To understand the importance of radiation, a zone model is developed to simulate the transient fire growth in a compartment. Heat and mass transfer correlations available in the literature are used to simulate the non-radiative effect. A three-dimensional non-gray soot radiation model is used to simulate the radiative exchange between the fuel surface, the hot gas/particulates layer and the surrounding wall. Results show that the hot layer temperature alone may not be an effective indicator for flashover. Other parameters such as particulates volume fraction in the hot layer, venting area and heat transfer to the surrounding wall are also important in determining the occurrence of flashover.
NOMENCLATURE a = the total potential heat flux generated by the free burning fire, parameter used in Eq. (5) A f = area of the fuel surface A w = surface area of the wall of the compartment b = an exponential coefficient used in Eq. (5) c p = specific heat of hot gas/particulates layer C 2 = the second radiation constant D = fractional height of the discontinuity plane f v = particulates volume fraction g = gravitational constant G = rate of energy gain of the hot gas/particulates layer H C = heat of combustion H R = height of the cubical compartment H vap = heat of vaporization H V = height of the vertical vent k = an empirical constant used in the definition of absorption coefficient of hot gas/particulates layer K f = a flame spread constant L = rate of energy loss of the hot gas/particulates layer L R = length of the cubical compartment L f = equivalent length of the fire base m = mass of hot gas/particulates layer N = fractional height of the neutral plane R = radius of the fire at the compartment floor R edge = the distance over which the effect of the edge of the fuel is felt R max = the maximum radius of the fire Sr = stoichiometric ratio t = time T = temperature of the hot gas/particulates layer T a = ambient temperature V f = flame spread rate U c = an adjustable parameter for the wall temperature W R = width of the cubical compartment W V = width of the vertical vent Z d = discontinuity height H = increase in enthalpy of hot gas/particulates layer due to mass increase 
INTRODUCTION
The importance of the phenomenon of flashover in compartment fire is well known for many years [1] . Physically, flashover is a term used to characterize the rapid transition of a relatively small local fire to a large fire in which the whole compartment is involved. When flashover occurs, the fire "jumps" from the growth stage to the development stage, and great damages to the building structure and properties would be resulted. Flashover has been consistently observed in disastrous fires [2] leading to severe losses of human lives and properties.
Experimentally, studies on flashover were reported both in actual fires and in full-scale burning tests. Two quantitative criteria were consistently observed as conditions for the onset of flashover. They are:
a. upper gas layer temperature exceeds 600 C b. heat flux at the floor exceeds 20 kW/m 2 A summary of the conditions for the onset of flashover reported by different studies is shown in Table 1 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Qualitatively, another criterion used to characterize the onset of flashover is the visual observation that at the time immediate prior to flashover, flames begin to come out of the vents. Numerical and theoretical studies of flashover have focused primarily on predicting the behavior of the gas layer temperature in a compartment fire using various forms of the zone model [13] [14] [15] . The concept of thermal instability in compartment fire was initiated by Thomas et. al. [11] . This concept led to further works [16, 17] in which the onset of flashover is "predicted" by computational techniques of nonlinear dynamics [18, 19] . In all of the existing numerical and theoretical studies, the gas layer temperature is the primary dependent variable and the gas temperature criterion (> 600 C) is used as the quantitative criterion for flashover.
It is interesting to note from Table 1 that in all of the reported flashover in which data for both criteria are available, both the gas temperature and heat flux criteria for the onset of flashover are satisfied. Physically, the heat flux criterion is expected to be more critical since the secondary ignition of the combustibles in a compartment is a major factor leading to flashover. The heat flux to the floor (and more specifically, radiant heat flux) is the main source of energy leading to the secondary ignition. However, gas layer temperature exceeding 600 C without a radiation source (such as the wall or soot particulates which can serve as a radiating medium) is insufficient to generate the necessary heat flux at for floor required for flashover. To generate a floor heat flux of 20 kW/m 2 for a temperature difference of 600 C based only on convection , for example, would require a heat transfer coefficient of about 33 W/( m 2 -K). This value exceeds the range of heat transfer coefficient generally expected in a compartment fire environment (natural convection and low speed force convection).
The importance of the radiant feedback mechanism in the onset of flashover is recognized by almost every theoretical study of flashover [13] [14] [15] [16] [17] . But due to the complexity of radiation and the uncertainty of the radiation model used in the analysis, all of the existing studies do not use the heat flux criterion as a factor in determining the condition of flashover. Over the past ten years, significant advances have achieved both in the understanding of the radiative properties of the various combustion species in a fire and the mathematical modeling of three-dimensional radiative transport in a participating medium [20] . These advances can be readily implemented in a zonal model to give an improved assessment of the onset of flashover.
The objective of the present work is to implement two specific advances in radiation heat transfer into a zone model to analyze the transient behavior of a compartment fire and the onset of flashover. Since smoke particulates are expected to be a major component contributing to the radiative emission and absorption of the hot gas/particulates layer in the room during a compartment fire, a simplified model [21] is used to account for the non-gray absorption behavior of the smoke particulates. This model yields the relationship between smoke particulates volume fraction, gas layer temperature with the radiative emission and absorption of the hot layer. Computationally, the three-dimensional radiative exchange between the hot layer, the fire base and the surrounding walls must be evaluated accurately to determine the radiant feedback to the floor. An efficient and accurate zonal method [22] , which is shown to be applicable for all participating media in enclosures with three-dimensional geometry, is used. Numerical data are generated to show the importance of various parameters on the onset of flashover both from the perspective of the hot gas/particulates layer temperature and the radiant heat flux to the floor.
ANALYSIS
A simplified two zone compartment fire model [16] is used as the basis of the present study. While this model can give only an overall picture with no fine details, it contains all the relevant physics and is sufficient for the present purpose, which is to illustrate the importance of using an accurate radiation model in assessing flashover.
Conservation Equations
The compartment is assumed to be a cubical enclosure as shown in Fig. 1 . The fire is assumed to be a circular region in the center of the floor with radius R. Following the mathematical development of Bishop et. al. [16, 19] , the temperature of the hot gas/particulates layer is governed by
The gain rate of the hot layer depends on whether the ratio of the mass air flow rate to the fuel volatilisation rate is greater than (fuel controlled fire) or less than (ventilation controlled fire) the stoichiometric ratio. Assuming that all energy of combustion goes into the hot layer, G is given by
where χ is the combustion efficiency, a m is the mass flow rate of air into the compartment, f m is the rate of volitalisation, H c is the heat of combustion and Sr is the stoichiometric ratio.
The volitalisation rate of fuel depends on the heat transfer from the fire and the compartment surrounding to the fire base. It is given by
where ff q is the heat flux from the fire to the fire base, 
Following Emmons [13] , the fire is assumed to have the form of a cone and the heat flux from the flame to the base is given by ( )
where a is the total potential heat flux generated by the free burning fire and b is an exponential coefficient. The formulation of , f surr q depends on the radiation model, it will be discussed in the next section.
The mass flow rate of air into the compartment is assumed to be driven by buoyancy flow [23] and is given by ( )
with D being the fractional height of the discontinuity plane given by
where Z d is the discontinuity height. N is the fractional height of the neutral plane, it is taken empirically to be
The rate of energy loss from the hot layer is given by
where o H is the net enthalpy flow rate out of the vent given by 
w Q is the heat loss from the hot gas/particulates layer to the wall. Its expression depends on the radiation model and will be discussed in the next section. A consequence of Eq. (11) is that there is no mass increase within the compartment. This leads to 0 H = (12) and the mass of the hot gas/particulates layer is given by
In Eq. (13), the concentration of particulates is assumed to be sufficiently low such that the density of the hot gas/particulates layer remains essentially constant at 0 ρ .
Finally, the differential equation for the rate of change of the fire radius is given by
where R edge is the distance over which the effect of the edge of the fuel is felt and R max is the maximum radius, representing the size of the fuel sample. V f is the flame spread rate which can be taken as [24] 
with K f being a flame spread constant.
Radiation Model of Previous Works
In nearly all of the existing theoretical works [13] [14] [15] [16] [17] on flashover, , f surr q and w Q are generated by assuming a constant value of emissivity, ε, for the gas/particulates layer. For example, Bishop et. al. [16] used the following expressions ( )
with h t being a convective heat transfer coefficient and A w is the surface area of the surrounding wall given by
To complete the mathematical description of the model, the wall temperature is assumed to be between the layer temperature T and the ambient temperature T a given by
with U c being an adjustable parameter between 0 and 1. A fundamental difficulty of this radiation model is that it provides no physical correlation between the layer emissivity ε and measurable parameters such as particulates volume fraction and temperature of the hot layer which are known to have an effect on hot layer emissivity. The model also does not account for the effect of the compartment geometry (dimensions, size of vent and radius of fire base) on the radiation transport.
The Current Radiation Model
In the current model, particulates in the hot layer are assumed to be the primary species for radiative emission and absorption.
Assuming that the size of the particulates are small so that the Rayleigh's limit of particle absorption is valid, the absorption coefficent of the hot gas/particulates layer can be written as [21] 
where f v is the particulates volume fraction, k is an empirical constant in the range of 3.5 to 7.5 (depending on the fuel) and C 2 is the second radiation constant. Since the size of the fire grows with a growth rate given by Eqn. (14) , the volume fraction of the hot gas/particulates layer is assumed to be proportional to the fire radius R. Specifically, the current model assumes 
exact expressions for the exchange factor between the fire base, the hot gas/particulates layer and the surrounding wall can be readily obtained using the tabulated data and superposition procedure as outlined in Yuen and Takara [22] . The definition of exchange factor and its mathematical properties are described in reference [21] . For a cubic enclosure with W R = L R = H R = 40 cm, Z d = 0 (i.e. the hot layer fills the whole compartment) and a fire base with L f = 30 cm, for example, the exchange factor between the fire base and the hot layer (s f g), the exchange factor between the fire base and the top wall (s f s t ) and the exchange factor between the hot layer and the top wall (gs t ) are shown in Figs. 2a, 2b and 2c respectively. It is important to note that these factors depend strongly on the absorption coefficient. The radiation transport thus depends strongly on the hot layer temperature and the particulates volume fraction.
Based on the concept of exchange factor, the expression for 
where the subscript b stands for the bottom floor.
Equations (1) to (15), together with Eqns. (19) to (23) 
Equation (24) can be used as a basis of evaluation for the heat flux criterion of flashover.
RESULTS AND DISCUSSION
Numerical data are generated to examine the effect of vent opening W v , particulates volume fraction f v,0 and the wall temperature parameter U c on the transient temperature rise of the hot gas/particulates layer and the radiative heat flux to the compartment floor. These parameters are selected because they are expected physically to be important parameters affecting the occurrence of flashover. The effect of other parameters will be investigated in future works. For the value of other parameters, the present work follows the approach of Bishop et. al. [16] . They are chosen to describe a typical fire burning on a circular PMMA slab developed on a scaled (i.e. 40 cm inside cube) compartment. A listing of the parameters is shown in Table 2 . For a direct comparison, numerical data are also generated with the previous radiation model with a layer emissivity of ε = 0.41 (value used in reference [16] ).
For the case with U c = 0 (T w = T a , the "cold wall" case), the layer temperature for different vent openings are shown in Figs. 3a to 3e. The corresponding heat flux to the compartment floor are shown in Figs. 4a to 4e. The layer temperature illustrate an interesting relation between radiation and vent openings. When the vent opening is small (for example, W v = 5 cm) and the fire is ventilation controlled, the primary effect of radiation appears to be the heat loss to the surrouding wall. The case with the smaller particulates volume fraction (hence less radiation heat loss) has the higher layer temperature. An increase in the particulates volume fraction increases the radiative heat loss (to the surrounding) and thus lowers the layer temperature. When the vent opening is large (W v > 10 cm) and the fire is fuel controlled, the effect of radiative feedback to the fuel surface appears to be more important. The layer temperature increases with increasing particulates volume fraction. The increased radiative feedback to the fuel surface increases the burning rate and therefore the layer temperature.
It is interesting to note that result of the previous radiation model (which does not depend on particulates volume fraction) agrees with the optically thick (high particulates volume fraction) case for the ventilation controlled fire (W v = 5 cm) and it agrees with the optically thin (low particulates volume fraction) case for the fuel controlled fire. This result demonstrates the physical difficulty of the previous radiation model. By assuming a constant emissivity for the hot gas layer and the wall in an ad-hoc fashion, the model cannot yield a consistent interpretation of the physics, even in a limiting sense. Temperature results with U c = 1 (T w = T, the "hot wall" case), are shown in Figs. 5a to 5c and the corresponding heat flux to the compartment floor are shown in Figs. 6a to 6c. The slight oscillation in the numerical result is due to the explicit numerical scheme used in the present calculation. It has no impact on the accuracy of the result.
The transient temperature behavior for different W v are quite similar. Since there is no heat loss from the hot layer to the wall, the steady state temperature is independent of the radiative properties of the layer and is thus quite insensitive of the particulates volume fraction. There is also less difference in the layer temperature between the fuel controlled fire and the ventilation controlled fire.
The radiative heat flux to the compartment floor also show similar behavior for different vent opening and particulates volume fraction. In general, the radiation of the wall dominates the heat transfer and has a major effect on the final steady state hot layer temperature and heat flux to the compartment floor. Because of the large radiative heat flux from the wall, the two flashover criteria are readily satisfied in all cases. It is interesting to observe that all the predicted flashovers are quite "catastrophic" as there is a nearly vertical jump both in the temperature and in the radiative flux to the compartment floor. Physically, this suggests that a fire in a highly insulated compartment will likely lead to a flashover. This is consistent with physical expectation.
CONCLUDING REMARKS
The present work shows that radiative heat transfer is clearly a dominant factor in the determination of flashover. A theroretical model with an inaccurate model of radiation can lead to conclusions with uncertain accuracy.
Using a non-gray particulates radiation model and the zonal method, a zone model is developed to determine the conditions leading to flashover. Numerical data are presented to illustrate the effect of vent opening, particulates volume fraction and the wall temperature on the transient temperature rise and flashover. Results demonstrate that the hot gas layer temperature alone might not be a sufficient criterion for flashover. Both high temperature in the hot layer and high emissivity from the gas/particulates layer are necessary to generate a heat radiative heat flux to the compartment floor. If the compartment is well insulated, the radiation from the wall can also become a dominant effect leading to flashover.
The present model can be used as a basis for a more detailed non-linear analysis to identify the different type of instabilities and their relation to the transition to flashover. This task is currently under consideration and will be reported in a future publication. 
